UNITED STATES PATENT APPLICATION 



FOR 

POLARIZATION INSENSITIVE METHOD AND APPARATUS FOR SWITCHING 
AND MODULATING AN OPTICAL BEAM 



Inventors: Remus Nicolaescu 
Mario J. Paniccia 



Prepared By: 

BLAKELY, SOKOLOFF, TAYLOR & ZAFMAN LLP 
12400 Wilshire Boulevard 
Seventh Floor 

Los Angeles, California 90025-1026 
(206) 292-8600 



Attorney's Docket No.: 42P14248X 



"Express Mail" mailing label number: EV320 1 18 1 12US 
Date of Deposit: June 24, 2003 



I hereby certify that I am causing this paper or fee to be deposited with the United States 
Postal Service "Express Mail Post Office to Addressee" service on the date indicated above 
and that this paper or fee has been addressed to Mail Stop Patent Application, 
Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 
Luci M. Arevalo 

son mailing paper or fee) 




Daper or fee) 

(Date signed) 



42P14248X 



POLARIZATION INSENSITIVE METHOD AND APPARATUS FOR SWITCHING 
AND MODULATING AN OPTICAL BEAM 

5 RELATED APPLICATION 

This application is a continuation-in-part of co-pending application serial number 
10/162,826, filed June 4, 2002, entitled "METHOD AND APPARATUS FOR SWITHCING 
AN OPTICAL BEAM BETWEEN FIRST AND SECOND WAVEGUIDES IN A 
1 0 SEMICONDUCTOR SUBSTRATE LAYER/' and assigned to the Assignee of the present 
application. 



BACKGROUND OF THE INVENTION 

Field of the Invention 
15 The present invention relates generally to optical signals and, more 

specifically, the present invention relates to polarization insensitive 
modulation and switching of optical signals. 

Background Information 

The need for fast and efficient optical-based technologies is increasing 
20 as Internet data traffic growth rate is overtaking voice traffic pushing the 

need for optical communications. Transmission of multiple optical channels 
over the same fiber in the dense wavelength-division multiplexing (DWDM) 
systems and Gigabit (GB) Ethernet systems provide a simple way to use the 
unprecedented capacity (signal bandwidth) offered by fiber optics. 
25 Commonly used optical components in the system include wavelength 

division multiplexed (WDM) transmitters and receivers, optical filter such as 
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diffraction gratings, thin-film filters, fiber Bragg gratings, arrayed-waveguide 
gratings, optical add/ drop multiplexers, lasers and optical switches. Optical 
switches may be used to modulate optical beams. Commonly found types of 
optical switches are mechanical switching devices, thermal switching 
5 devices and electro-optic switching devices. 

Mechanical switching devices generally involve physical components 
that are placed in the optical paths between optical fibers. These 
components are moved to cause switching action. Micro-electronic 
mechanical systems (MEMS) have recently been used for miniature 

10 mechanical switches. MEMS are popular because they are silicon based 
and are processed using somewhat conventional silicon processing 
technologies. However, since MEMS technology generally relies upon the 
actual mechanical movement of physical parts or components, MEMS are 
generally limited to slower speed optical applications, such as for example 

15 applications having response times on the order of milliseconds. 

Thermal switching devices rely on a temperature-induced change of 
the refractive index to switch the light. This approach is popular because 
almost all materials exhibit this behavior. The disadvantage for them is the 
time it takes to warm and cool the devices to get them to switch. Typical 

20 times are on the order of milliseconds. 

In electro-optic switching devices, voltages are applied to selected 
parts of a device to create electric fields within the device. The electric fields 
change the optical properties of selected materials within the device and the 
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electro-optic effect results in switching action. Electro-optic devices 
typically utilize electro-optical materials that combine optical transparency 
with voltage-variable optical behavior. One typical type of single crystal 
electro-optical material used in electro-optic switching devices is lithium 

5 niobate (LiNb03). 

Although the switching speeds of these types of devices are very fast, 
for example on the order of nanoseconds, one disadvantage with present day 
electro-optic switching devices is that these devices generally require 
relatively high voltages in order to switch optical beams. Consequently, the 

10 external circuits utilized to control present day electro-optical switches are 
usually specially fabricated to generate the high voltages and suffer from 
large amounts of power consumption. In addition, integration of these 
external high voltage control circuits with present day electro-optical 
switches is becoming an increasingly challenging task as device dimensions 

15 continue to scale down and circuit densities continue to increase. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Non-limiting and non-exhaustive embodiments of the present 
invention are described with reference to the following figures, wherein like 
reference numerals refer to like parts throughout the various views unless 
5 otherwise specified. 

Figure 1 is a top view diagram of one embodiment of a polarization 
beam splitter/ combiner in accordance with the teachings of the present 
invention. 

Figure 2 is a cross-section diagram through a coupling region of one 
10 embodiment of a polarization beam splitter/ combiner in accordance with 
the teachings of the present invention. 

Figure 3A is an illustration showing an evanescent coupling of a first 
polarization mode of an optical beam through an insulating region between 
waveguides of one embodiment of a polarization beam splitter/ combiner in 
15 accordance with the teachings of the present invention. 

Figure 3B is an illustration showing an evanescent coupling of a 
second polarization mode of an optical beam through an insulating region 
between waveguides of one embodiment of a polarization beam 
splitter/ combiner in accordance with the teachings of the present invention. 
20 Figure 4 is another cross-section diagram through the coupling region 

of one embodiment of a polarization beam splitter/ combiner in accordance 
with the teachings of the present invention 
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Figure 5 is a block diagram illustration of a system including optical 
devices employed in a polarization insensitive optical modulator according 
to embodiments of the present invention. 

Figure 6 is a block diagram illustrating one embodiment of an optical 
5 modulator utilized in accordance with the teachings of the present 
invention. 

Figure 7 is a block diagram illustration of a polarization insensitive 
1x2 optical switch according to embodiments of the present invention. 

Figure 8 is a block diagram illustrating one embodiment of 1x2 optical 
10 switch utilized for each polarization mode of an optical beam in accordance 
with the teachings of the present invention. 
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DETAILED DESCRIPTION 

Methods and apparatuses for splitting and combining polarization 
modes of an optical beam as well as polarization insensitive modulation and 
switching of optical beams in a semiconductor material are disclosed. In 
5 the following description numerous specific details are set forth in order to 
provide a thorough understanding of the present invention. It will be 
apparent, however, to one having ordinary skill in the art that the specific 
detail need not be employed to practice the present invention. In other 
instances, well-known materials or methods have not been described in 
10 detail in order to avoid obscuring the present invention. 

Reference throughout this specification to "one embodiment" or "an 
embodiment" means that a particular feature, structure or characteristic 
described in connection with the embodiment is included in at least one 
embodiment of the present invention. Thus, appearances of the phrases "in 
15 one embodiment" or "in an embodiment" in various places throughout this 
specification are not necessarily all referring to the same embodiment. 
Furthermore, the particular features, structures or characteristics may be 
combined in any suitable manner in one or more embodiments. 

In one embodiment of the present invention, a semiconductor-based 
20 optical device is provided in a fully integrated solution on a single integrated 
circuit chip. In one embodiment, the optical device may be employed as a 
polarization beam splitter to separate for example the transverse magnetic 
field (TM) mode polarization component of an unpolarized optical beam from 
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the transverse electric field (TE) mode polarization component of the 
unpolarized optical beam. As can be appreciated by those skilled in the art, 
the TM mode is sometimes referred to as the vertical polarization state and 
the TE mode is sometimes referred to as the horizontal polarization state. 

5 The optical beam may propagate bi-directionally through this optical device, 
and therefore, the optical device further serves as a polarization beam 
combiner to combine the TM mode and TE mode polarization components of 
the optical beam. Embodiments of the polarization beam splitter/ combiner 
may be used as building blocks for a variety of high bandwidth applications 

10 including multi-processor, telecommunications, networking or the like. For 
example, as will be discussed, embodiments of polarization beam 
splitters /combiners may be employed in a polarization insensitive optical 
modulator as well as a polarization insensitive 1x2 optical switch in 
accordance with the teachings of the present invention. 

15 Figure 1 is a block diagram illustrating one embodiment of an optical 

device 101 in accordance with the teachings of the present invention. As 
shown in the depicted embodiment, optical device 101 includes a 
semiconductor material layer 103 in which a first optical waveguide 105 and 
a second optical waveguide 107 are disposed. In one embodiment, 

20 semiconductor material layer 103 includes silicon, polysilicon or another 

suitable semiconductor material such as for example but not limited to III-V 
semiconductor materials. In one embodiment, first and second waveguides 
105 and 107 are single mode waveguides. An insulating region 109 is 
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disposed in semiconductor material layer 103 between first and second 
optical waveguides 105 and 107 in a coupling region 111 of optical device 
101. In one embodiment, insulating region 109 includes an oxide, such as 
for example silicon oxide, to isolate first optical waveguide 105 from second 
5 optical waveguide 107. 

In operation, an optical beam 119, including for example unpolarized 
light, is launched or directed into first waveguide 105. When optical beam 
119 propagates into coupling region 111, evanescent coupling occurs 
between first and second optical waveguides 105 and 107 across insulating 

10 region 109. In accordance with the teachings of the present invention, the 
coupling strength between the adjacent or neighboring first and second 
optical waveguides 105 and 107 varies depending on the polarization of the 
optical beam. Therefore, in one embodiment, the coupling length between 
optical waveguides 105 and 107 is dramatically different for the TM mode 

15 component than the coupling length for the TE mode component. 

By appropriately choosing the length of the coupling region 1 1 1 , a 
very small polarization beam splitter may therefore be constructed to 
separate out the TM and TE modes of an unpolarized optical beam. For 
example, in one embodiment, a polarization beam splitter has a coupling 

20 region that is only 300 |im long. This polarization beam splitter aspect of 
the present invention is illustrated in Figure 1 with the TM mode 
polarization component 1 19' of optical beam 119 being directed out from 
coupling region 111 through optical waveguide 105. Furthermore, the TE 
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mode polarization component 1 19" of optical beam 1 19 is directed out from 
coupling region 111 through optical waveguide 107. 

As illustrated in the embodiment of Figure 1, when light propagates in 
the opposite direction, optical device 101 functions also as a polarization 
5 beam combiner. As shown for example, the TM mode polarization 

component 1 19' is directed through optical waveguide 105 into coupling 
region 111 and the TE mode polarization component 1 19" is directed 
through optical waveguide 105 into coupling region 111. The appropriately 
chosen length of the coupling region 111 results in the evanescent coupling 

10 of the TM and TE modes to be combined into the unpolarized optical beam 
119, which in the illustrated embodiment is directed out from the coupling 
region 111 through optical waveguide 105. 

In one embodiment, an optional voltage V 1 13 may be applied to 
coupling region 1 1 1 to form a layer of charge proximate to the insulating 

15 region 109. In one embodiment, this charge layer will help control the 

coupling strength between optical waveguides 105 and 107 in the coupling 
region 111. In one embodiment, this charge layer formed with voltage V 1 13 
may be used to tune optical device 101 to offset for any manufacturing 
errors in case for example the length of the coupling region 1 1 1 is slightly 

20 off. 

In operation the optional voltage V 1 13 is applied through electrodes 
115 and 1 17 to waveguides 105 and 107 to control an electric field across 
insulating region 109 to control the charge layers proximate to insulating 
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region 109 in coupling region 111. In one embodiment, electrodes are 
electrically connected to first and second optical waveguides 105 and 107 at 
locations outside the optical path of optical beam 1 19. In one embodiment, 
a capacitive structure is defined in the coupling region 1 1 1 of 
5 semiconductor material 103 with insulating region 109 separating the 
charge layers proximate to insulating region 109 in first and second 
waveguides 105 and 107. 

Figure 2 is a cross-section illustration of an embodiment of an optical 
device 201, which represents a cross-section illustration along dashed line 

10 A-A' 121 of Figure 1 through coupling region 111 of optical device 101. As 
shown in the depicted embodiment, optical device 201 includes a 
semiconductor material layer 203 disposed between an insulating region 
223 and an insulating region 225. In one embodiment, optical device 201 is 
included in a silicon-on-insulator (SOI) type of wafer and insulating region 

15 223 is the buried oxide layer of the SOI wafer. Figure 2 also shows that in 
an embodiment semiconductor material layer 203 includes an insulating 
region 209 separating a first optical waveguide 205 and a second optical 
waveguide 207. 

As shown, charge layers 227 are formed proximate to insulating 
20 region 209 in an embodiment. Depending on the doping included in first 
and second optical waveguides 205 and 207, charge layers 227 may include 
electrons, holes or a combination thereof. In addition, optical device may be 
biased to operate in accumulation mode, inversion mode or depletion mode. 
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It is appreciated that a capacitive structure is defined with charge layers 
227 forming the "plates" of a capacitor separated by insulating region 209. 

In operation, an optical beam 219 may be launched or directed into 
first optical waveguide 205. Optical beam 219 is illustrated in Figure 2 
5 going through the page. When optical beam 219 propagates next to 
insulating region 209, an evanescent coupling 229 occurs through 
insulating region 209 such that optical beam 219 propagates from first 
optical waveguide 205 to second optical waveguide 207. In one 
embodiment, the effective index of refraction through insulating region 209 

10 is modulated in response to charge layers 227. Therefore, the coupling 
strength of the evanescent coupling 229 may be tuned or adjusted in one 
embodiment in response to the charge carriers in charge layers 227. In one 
embodiment, the free charge carrier concentration in charge layers 227 is 
responsive to the applied voltage signal, such as for the voltage V 1 13 of 

15 Figure 1. 

To illustrate the different evanescent coupling lengths or strengths for 
the TM and TE mode components of an optical beam through the coupling 
region, Figure 3A and 3B are illustrations of one embodiment of an optical 
device 301 including a semiconductor material layer 303 having a first 
20 optical waveguide 305 and a second optical waveguide 307 separated by 
insulating region 309. It is appreciated that one embodiment of optical 
device 301 corresponds to the coupling region 111 of optical device 101 in 
Figure 1. 
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In operation, an unpolarized optical beam 319 is launched or directed 
into first optical waveguide 305. When optical beam 319 propagates into 
the coupling region, the TM mode component 319' of optical beam 319 is 
evanescently coupled back and forth between the first and second 
5 waveguides 305 and 307 with a coupling length of L as shown in Figure 3A. 
Similarly, the TE mode component 319" of optical beam 319 is evanescently 
coupled back and forth between the first and second waveguides 305 and 
307 with a coupling length of U as shown in Figure 3B. It is appreciated of 
course that the lengths of L and V as illustrated in Figures 3A and 3B are 

10 not necessarily to scale and are shown for explanation purposes. In one 
embodiment, the length of the coupling region 1 1 1 is appropriately sized 
such that the TM and TE modes are separated. As illustrated, the TM 
component 319' is directed out from the coupling region 111 through optical 
waveguide 305 and the TE mode component 319" is directed out from the 

15 coupling region 111 through optical waveguide 307. In one embodiment, 
charge layers 327 may be optionally employed to tune or adjust coupling 
region 1 1 1 in the event that there are any manufacturing errors in optical 
device 301. In one embodiment, the optical beam 319 may propagate bi- 
directionally through optical device 301 in accordance with the teachings of 

20 the present invention. It is appreciated that in another embodiment, 

another optical beam may also be launched or directed into second optical 
waveguide 307 and that optical device 301 may therefore receive an optical 
beam at either or both inputs. In one embodiment, optical beam 319 
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includes infrared or near infrared light or any other suitable wavelength of 
light that may propagate through semiconductor material layer 303. 

Figure 4 provides another cross-section illustration of one 
embodiment of an optical device 40 1 in accordance with the teachings of the 
5 present invention. In one embodiment, the cross-section illustration in 
Figure 4 also represents a cross-section illustration along dashed line A-A' 
121 of Figure 1 through coupling region 111 of optical device 101. As 
illustrated in Figure 4, optical device 401 includes a semiconductor material 
layer 403 disposed between an insulating region 423 and an insulating 

10 region 425. In one embodiment, optical device 401 is included in an SOI 
wafer and insulating region 423 is the buried oxide layer of the SOI wafer. 
Figure 4 also shows that in an embodiment semiconductor material layer 
403 includes an insulating region 409 separating a first optical waveguide 
405 and a second optical waveguide 407. As shown, optional charge layers 

15 427 are formed proximate to insulating region 409 in an embodiment to 
control or adjust the coupling strength between adjacent neighboring first 
and second optical waveguides 405 and 407. In one embodiment, the cross- 
section portion of optical device 40 1 may be characterized as a two mode 
waveguide in which an insulating region 409 is inserted in the middle, 

20 which therefore vertically isolates the two halves of the two mode waveguide. 
In the alternative, the cross-section portion of optical device 401 may also 
be characterized as two single mode asymmetric waveguides separated by a 
thin layer of oxide. Indeed, as shown in the illustrated embodiment, an 
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optical rib waveguide is formed in the coupling region with insulating region 
409 separating first and second optical waveguides 405 and 407. 

In one embodiment, insulating region 409 is made of silicon oxide and 
is approximately 200 angstroms thick. It is appreciated of course that other 
5 suitable materials and that other suitable thicknesses and geometries may 
be utilized in accordance with the teachings of the present invention. 
Indeed, it is appreciated that device dimensions may be reduced 
considerably in accordance with the teachings of the present invention with 
improved lithographic and processing conditions and technologies. When 

10 an electric field is applied across insulating region 409, with for example 
voltage V 1 13 of Figure 1, the two layers of charge layers 427 form on each 
side of insulating region 409. As a result, the effective index of refraction 
across insulating region 409 is reduced, which effectively introduces a 
stronger isolation or reduces the coupling strength between first and second 

15 optical waveguides 405 and 407. This in turn alters the coupling length L 
to V as illustrated for example in Figures 3 A and 3B. 

Figure 5 is a block diagram illustration of a system 500 including 
optical devices employed in a polarization insensitive optical modulator 
according to embodiments of the present invention. In the depicted 

20 embodiment, system 500 includes an optical transmitter 501, which 

outputs an optical beam 511. It is appreciated that it does not matter if 
optical beam 5 1 1 is unpolarized or becomes unpolarized for whatever 
reason because the presently described optical modulator embodiment is 
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polarization insensitive in accordance with the teachings of the present 
invention. 

Optical beam 5 1 1 is then received by polarization beam 
splitter/ combiner 503, which separates a TM mode component 51 V of 
5 optical beam 511 from a TE mode component 5 1 1" of optical beam 511. As 
shown, the TM mode component 51 1' is directed into an optical modulator 
505 and the TE mode component 5 1 1 " is directed into an optical modulator 
505'. In the depicted embodiment, optical modulator 505 is coupled to 
modulate TM mode component 51 V in response to a signal 513. Similarly, 

10 optical modulator 505' is coupled to modulate TE mode component 511" in 
response to signal 513 as well. Accordingly, a modulated TM mode 
component 51 1' is directed from optical modulator 505 to polarization beam 
splitter/ combiner 507 and a modulated TE mode component 51 1" is 
directed from optical modulator 505' to polarization beam splitter/ combiner 

15 507. In accordance with the teachings of the present invention, polarization 
beam splitter/ combiner 507 then combines the modulated TM and TE mode 
components 51 V and 511" into a modulated optical beam 511, which is 
then received by optical receiver 509. 

In one embodiment, polarization beam splitters /combiners 503 and 

20 507 are substantially similar to the optical devices discussed above in 
connection with Figures 1-4. In one embodiment, polarization beam 
splitters/ combiners 503 and 507 as well as optical modulators 505 and 505' 
are all disposed in the same semiconductor material layer 515. Accordingly, 
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it is appreciated that the polarization insensitive optical modulator 
described above may be very small and integrated into for example a single 
silicon substrate. As a result, the device is very easy to process and 
manufacture in accordance with the teachings of the present invention. 

5 Figure 6 is a block diagram illustrating one embodiment of an optical 

modulator 605 that may be utilized for optical modulator 505 or 505' in the 
polarization insensitive optical modulator discussed above in Figure 5. As 
shown in the depicted embodiment, optical modulator 605 includes a Mach 
Zehnder interferometer (MZI) configuration disposed in semiconductor 

10 material layer 615. The MZI configuration includes an input optical 

waveguide in which an optical beam 61 1 is directed. Optical beam 61 1 is 
then split into optical beams 611' and 611", each of which is directed into 
the two respective arms of the MZI configuration. As shown in the depicted 
embodiment, at least one of the arms of the MZI configuration includes a 

15 phase controller 617, which is employed to adjust in response to signal 613 
the phase of the optical beam that is propagated through the corresponding 
arm of the MZI configuration. 

In another embodiment, it is appreciated that both arms of the MZI 
configuration may include a separate phase controller. In operation, phase 

20 controller 617 is employed to adjust a relative phase difference between 
optical beams 611 ' and 61 1" in response to signal 613 such that 
constructive or destructive interference occurs when optical beams 61 V and 
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611" are recombined. As a result, modulated optical beam 61 1 is then 
directed away from the MZI configuration as shown in Figure 6. 

Various embodiments may be employed to realize phase controller 
617, which is disposed in semiconductor material layer 615. In one 

5 embodiment, phase controller 617 includes a metal oxide semiconductor 
(MOS) capacitor structure to modulate charge in response to signal 613 
along the optical path of optical beam 61 T. The modulated charge is 
adapted to adjust the index of refraction along the optical path of optical 
beam 61 T, which adjusts the phase of optical beam 61 1\ It is appreciated 

10 of course that other techniques may be utilized for phase controller 617 to 
adjust the phase including for example known charge modulation, current 
injection or thermal phase adjustment techniques. 

Figure 7 is a block diagram illustration of a polarization insensitive 
1x2 optical switch 700 according to embodiments of the present invention. 

15 In the depicted embodiment, polarization insensitive 1x2 optical switch 700 
includes a polarization beam splitter/ combiner 701, which is coupled to 
receive an optical beam 707. It is appreciated that it does not matter if 
optical beam 707 is unpolarized or becomes unpolarized for whatever 
reason because the presently described 1x2 optical switch embodiment is 

20 polarization insensitive in accordance with the teachings of the present 
invention. 

As shown in the depicted embodiment, polarization beam 
splitter/ combiner 701 then separates a TM mode component 707' of optical 
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beam 707 from a TE mode component 707" of optical beam 707. As shown, 
the TM mode component 707' is directed into a 1x2 optical switch 703 and 
the TE mode component 707" is directed into a 1x2 optical switch 709. In 
the depicted embodiment, 1x2 optical switch 703 switches TM mode 
5 component 707' to either output 703A or 703B of 1x2 optical switch 703 in 
response to a signal 713. Similarly, 1x2 optical switch 709 switches TE 
mode component 707" to either output 709A or 709B of 1x2 optical switch 
709 in response to a signal 713 as well. 

As shown in the depicted embodiment, assuming outputs 703A and 

10 709A were selected by signal 713, polarization beam splitter/ combiner 705 
is coupled to receive the TM and TE mode components 707' and 707" from 
outputs 703A and 709A, respectively. In accordance with the teachings of 
the present invention, polarization beam splitter/ combiner 705 then 
combines the TM and TE mode components 707' and 707" and then outputs 

15 optical beam 707 as shown in the top right corner of Figure 7. 

Similarly, assuming outputs 703B and 709B were instead selected by 
signal 713, polarization beam splitter/ combiner 711 is coupled to receive 
the TM and TE mode components 707' and 707" from outputs 703B and 
709B, respectively. In accordance with the teachings of the present 

20 invention, polarization beam splitter/ combiner 711 then combines the TM 
and TE mode components 707' and 707" and then outputs optical beam 
707 as shown in the bottom right corner of Figure 7. 
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In one embodiment, polarization beam splitters/ combiners 701, 705 
and 711 are substantially similar to the optical devices discussed above in 
connection with Figures 1-4. In one embodiment, polarization beam 
splitters/ combiners 701, 705 and 71 1 as well as 1x2 optical switches 703 
5 and 709 are all disposed in the same semiconductor material layer 715. 
Accordingly, it is appreciated that the polarization insensitive 1x2 optical 
switch described above may be very small and integrated into for example a 
single silicon substrate. As a result, the device is very easy to process and 
manufacture in accordance with the teachings of the present invention. 

10 Figure 8 is a block diagram illustrating one embodiment of 1x2 optical 

switch 803, which may be utilized for 1x2 optical switches 703 and 709 of 
Figure 7 in accordance with the teachings of the present invention. As 
shown in the depicted embodiment, 1x2 optical switch 803 includes a MZI 
configuration disposed in semiconductor material layer 815. The MZI 

15 configuration includes an input optical waveguide in which an optical beam 
807 is directed. Optical beam 807 is then split into optical beams 807 ' and 
807", each of which is directed into the two respective arms of the MZI 
configuration. As shown in the depicted embodiment, at least one of the 
arms of the MZI configuration includes a phase controller 817, which is 

20 employed to adjust in response to signal 813 the phase of the optical beam 
that is propagated through the corresponding arm of the MZI configuration. 

In another embodiment, it is appreciated that both arms of the MZI 
configuration may include a separate phase controller. In operation, phase 
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controller 817 is employed to adjust a relative phase difference between 
optical beams 807' and 807" in response to signal 813. As shown in the 
depicted embodiment, optical beams 807' and 807" are each received by 2x2 
optical coupler 819. In one embodiment, 2x2 optical coupler 819 includes a 
5 multi-mode interference (MMI) device. In another embodiment, 2x2 optical 
coupler 819 may include another suitable type of optical coupler such as for 
example an evanescent coupler, which includes for example two waveguides 
that are positioned very close to each other so that the transfer of light 
occurs between the waveguides before the waveguides are again separated. 

10 In operation, the 2x2 optical coupler 819 receives both optical beams 

807' and 807". Depending on the relative phase difference between optical 
beams 807' and 807" as controlled by phase controller 817, a combined 
optical beam 807 is output from either the first output 819A or the second 
output 819B of 2x2 optical coupler 819. For example, in one embodiment, 

15 if the relative difference between optical beams 807' and 807" is pi/ 2, then 
combined optical beam 807 is output from output 819A. However, if the 
relative difference between optical beams 807' and 807" is -pi/ 2, then 
combined optical beam 807 is output from output 819B. 

Similar to phase controller 617 of Figure 6, various embodiments may 

20 be employed to realize phase controller 817, which in one embodiment is 
integrated in the same semiconductor material layer 815 as 2x2 optical 
coupler 819. In one embodiment, phase controller 817 includes a MOS 
capacitor structure to modulate charge in response to signal 813 along the 
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optical path of optical beam 807'. The modulated charge is adapted to 
adjust the index of refraction along the optical path of optical beam 807', 
which adjusts the phase of optical beam 807\ It is appreciated of course 
that other techniques may be utilized for phase controller 817 to adjust the 
5 phase including for example known charge modulation, current injection or 
thermal phase adjustment techniques. 

In the foregoing detailed description, the method and apparatus of the 
present invention have been described with reference to specific exemplary 
embodiments thereof. It will, however, be evident that various modifications 
10 and changes may be made thereto without departing from the broader spirit 
and scope of the present invention. The present specification and figures 
are accordingly to be regarded as illustrative rather than restrictive. 
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